Free and bound abscisic acid (ABA) in the pod, seed coat, and embryo were determined separately throughout seed develpment of Phaseolus vulgans L. cv. 'Taylor's Horticultural.' An internal standard method of gas-lquid chromatography was used for ABA quantification. In the embryo, two peaks of free ABA occurred at days 22 (1.18 micrograms per gram or 5.5 micromolar) and 28 (1.74 micrograms per gram or 12 micromolar); and a single peak of bound ABA at day 30. In the seed coat, there was one peak of free ABA at day 22 and only small amounts of bound ABA. Very small amounts of ABA were detected in the pod at any stage of development. In cv. PI 226895, in which seed development is more rapid than in 'Taylor's Horticultural,' the embryo ABA peaks occur on days 20 and 26. The timing of the ABA peak in the embryo, and the concentration attained, are consistent with previous reports on the natural pattern of RNA synthesis and with ABA inhibition of RNA synthesis in developing bean fruit.
Developing fruits and seeds have long been known as a rich source of plant hormones (14) . In many species, changes of hormone content throughout development of the reproductive parts have been determined. From the accumulated data, there appears to be a general pattern of high growth promoter content in early development followed by high inhibitor, mainly ABA, content later in development (1, 6, 14) . This late appearance of ABA has been thought to have important implications in fruit maturation (2) , abscission (3), or seed dormancy (5) .
This report is an analysis of the change in ABA content during reproductive development of Phaseolus vulgaris, with a discussion of its correlation with seed weight changes and other related processes. P. vulgaris was chosen because of the large body of information on reproductive development (9, 24) , macromolecular metabolism (21, 23) , and genetics (28) . MATERIALS The recovery rate was determined by a twin sample method.
The crude 80%o methanol homogenate of a sample was divided into two equal portions. Thirty ug of synthetic c-t ABA was added to one of them. After going through parallel extraction, purification, derivatization, and the quantification in GC, the quantity difference between these twin sample portions was used for recovery rate determination. Per cent recovery = ,ug difference between twin samples/30 ,ug x 100o. Average recovery rate was found to be 70%/o, and this was used to compensate for the loss. RESULTS A typical gas chromatogram of an ABA sample of bean embryo is shown in Figure 1 . No t-t ABA was detected in any samples of pod, seed coat, or embryo.
ABA in Pod. Free and bound ABA contents were low in both T.H. and PI 226895 pods throughout development (Figs. 2 and 3 ).
Two small peaks on day 10 and day 30 in T.H. pods were at about 0.1 LM. No clear patterns were discernible in PI 226895.
ABA in the Seed Coat. A peak of free ABA was found on day 22 in T.H. (Fig. 4) . It was calculated to be 5.6 /IM. In PI 226895, free ABA content was highest on day 18 (Fig. 5) . However, because no collections were made at earlier times it is unknown whether this represents the peak of ABA content. The content of bound ABA was low in all seed coat samples examined.
ABA in Embryo. Two peaks of free ABA were found in the embryo of both cultivars. In T.H., the first peak occurred on day 22 , with a concentration of 5.5 pM (Fig. 6) . The second peak occurred on day 28 and ABA was then present at a concentration of 12 .LM. In PI 226895, the first and second peaks occurred on day 20 and day 26, respectively ( Fig. 7) .
No significant amount of bound ABA was found in PI 226895 (Fig. 7) . A peak of bound ABA occurred on day 30 in T.H. embryo (Fig. 6) .
The fresh and dry weight changes in seed development of T.H. are shown in Figure 8 . It is generally in agreement with the previously published developmental timetable for T.H. (24) . are low in the first half of embryogeny, then increase rapidly, and ABA is almost completely absent from the mature seed (Fig. 6) ; (b) in the seed coat of T.H. there is one peak of ABA accumulation that coincides in time with the first embryo peak; (c) ABA levels in the pod remain low throughout development; and (d) in PI 226895 in which early seed development proceeds more rapidly than T.H. (9) , the embryo and seed coat ABA peaks also occur earlier.
The validity of the two-peak pattern of free ABA in the embryo is supported by two kinds of evidence. First, several sample collections were made at different times of the growing season for each ABA quantification, so that the possible interference by samples of unusually high or low ABA content was minimized. Second, the same two-peak pattern was found in both cultivars. The earlier appearance of ABA peaks in PI 226895 was consistent with its faster rate of seed development (9). A two-peak pattern of free ABA has also been reported in wheat grain (10, 17) and sour cherry fruit (4) .
Zabadal (29) reported that in the leaves of Ambrosia, there was a threshold of water potential that stimulated ABA synthesis. In T.H., the first free ABA peak coincides with the first significant drop in embryo water content, and the second free ABA peak occurs when the embryo water content is further lowered to about 50%o level (Fig. 6 ). This suggests that the rate of ABA synthesis might vary according to different critical threshold levels of embryo water potential at these two times. The drop in ABA content between the two peaks could result from the rate of ABA metabolism exceeding the rate of synthesis.
Walton et al. (26) reported the metabolism of ABA into PA and DPA in mature bean seeds and this may account for the almost complete disappearance of ABA by day 36 (Fig. 6) . The low level of ABA present during the final phase of seed development may constitute a key physiological difference between seeds that can germinate readily, such as beans, and seeds that need special afterripening treatments to remove inhibitors before they are able to germinate, such as apple seed (18) .
The question of whether the ABA present in the embryo comes from the seed coat as suggested by Dure (5) for cotton seeds is not completely answered in this study. Data on embryo ABA (Fig. 6 ) demonstrate two peaks of ABA accumulation, but there is only one free ABA peak in the seed coat (Fig. 4 ) coincident in time with the first free ABA peak in embryo. The ABA concentration in the embryo and seed coat on day 22 was calculated to be 55 ttM and 56 ItM, 5.5 ,tM and 5.6 LM, respectively. The seed coat at this time is about 30%o of the embryo weight (9) and the seed coat would therefore have to maintain a high rate of ABA synthesis to supply all of the ABA in the first embryo peak. Measurement of the rates of ABA synthesis in the seed coat and embryo indicates that the rate of ABA synthesis is higher in cotyledons than in the seed coat (unpublished data). This suggests but does not prove that the seed coat is not the source of embryo ABA in bean.
Experiments on tomato shoots (12) and apple seedlings (15) revealed that exogenously applied ABA was rapidly converted into its glucose ester, the only identified form of bound ABA (11) . Although PA and DPA are now known as the major ABA metabolites in many systems (20, 26, 27, 30) and a cell-free preparation that can degrade ABA into PA and DPA has been successfully isolated from 'Eastern Wild' cucumber endosperm (7), these findings do not rule out the possibility of an "interim" metabolite role for bound ABA. The bound ABA peak on day 30 ( Fig. 6) , immediately following the drop in free ABA content, strongly suggests that part of the free ABA is converted into bound ABA before being further metabolized. A similar relationship of free and bound ABA has been reported in wheat grain (10) . It should be pointed out that due to the possible methanolysis reaction during ABA extraction (13) , bound ABA quantities reported here are likely to be underestimated.
The high ABA content in the young fruit on the day of anthesis (Fig. 6 ) was also noticed in very young pea pod (6) . The cause of this early high level of ABA was not investigated. It may represent high levels of ABA in those fruits that are not fertilized and which will abscise within the next few days. Early postanthesis collections contain both fertilized and unfertilized fruits because it is not possible to distinguish between them in the first few days after anthesis.
By comparing Figures 6 and 8 , it became clear that both free ABA peaks in T.H. embryos occurred during phases of rapid embryo weight gain. The similar concurrence of high ABA content and rapid increase in weight has been reported in grape berry (2), sour cherry fruit (4), soybean seed (16) , and wheat grain (10) . This relationship does not seem to conform to the growth inhibitory role usually assigned to ABA. In order to resolve this apparent dilemmma, Coombe and Hale (2) demonstrated that ABA played a key role in regulating the onset and the rate of grape ripening. But so far no explanation has been provided to support a role for high ABA content in the phase of rapid seed growth. There are at least two hypotheses that can be formulated to account for the high ABA level during rapid seed growth: (a) a high degree of ABA compartmentation inside the cells that renders it unable to interfere with growth; (b) some growth processes may not be inhibited by ABA.
No relevant evidence is available for the first hypothesis in the absence of data concerning ABA compartmentation in seed tissues. However, there are some indications in favor of the second hypothesis.
Seed formation in P. vulgaris can be separated into two distinct kinds of processes: (a) formation of the basic cellular structure; (b) filling with storage materials (5) . The first process is complete about halfway through the period of seed development. Therefore, the two free ABA peaks on day 22 and day 28 in T.H. occur during the second phase of seed formation which is marked by the synthesis and sequesteration of storage materials. This second phase also constitutes the period of major weight accumulation (Fig. 8) . At this time, mRNAs for storage material synthesis have probably already been transcribed. Ho and Varner (8) demonstrated that in barley ABA specifically inhibited the translation of a-amylase, whereas translation of other proteins was not affected.
If a similar insensitivity to ABA exists for storage material translation in the bean embryo, then the high ABA level and rapid weight gain can occur coincidentally. The (25) .
The appearance of two free ABA peaks on day 22 and day 28 at 5.5Mm and 12Mm, respectively, strongly suggests that the endogenous ABA accumulation causes the decline in RNA synthesis.
